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Abstract—The development of a single carbon fiber electrode 
has been investigated as a potential non-enzymatic sensor capable 
of quantifying peroxide. Electrodeposition of palladium is shown 
to create nanostructured deposits with a nanoneedle and nano-
rod like morphology. The electrode modification is shown to be 
facile and the resulting sensors exhibit a high sensitivity towards 
the oxidation (388 A mM-1 cm-2) and the reduction of peroxide. 
Interference from uric acid has been investigated and the use of 
Nafion® shown to greatly reduce its influence without unduly 
compromising the sensitivity of the sensors towards peroxide.  
 
Index Terms—Carbon fiber, electrode, nanoneedle, nano-rod, 
palladium, sensor, uric, urine. 
 
I. INTRODUCTION 
rinary incontinence has long been recognized as one of 
the most emotionally fraught issues for those suffering 
from dementia and, with an increasing prevalence of the 
disease, it is liable to have a significant impact on patients and 
carers [1,2].  It has been estimated that urinary incontinence 
(UI) care accounts for almost 60% of residential nursing care 
time with overall costs resting within the £bn region in 
developed countries [1-4]. Over two-thirds of elderly living 
within residential care require assistance in using the toilet 
with half of those suffering from UI [1,4]. The development 
and introduction of new wearable sensor systems and smart 
textiles that can be directly integrated within existing 
continence products proffer opportunities to dramatically 
improve continence management and improve quality of life 
(QoL) for many patients.  In most cases however, the devices 
are based on simple wireless systems that detect the onset of 
urination through changes in conductivity of the continence 
pad [1]. Advances in biosensor technology and their 
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adaptation within material platforms suitable for 
implementation within continence products could radically 
increase the care potential through not simply detecting the 
presence of stool or urine but screening for the presence of 
metabolic diseases, kidney function or urinary tract infection. 
It can be anticipated that such conditions are more likely in the 
elderly and hence non- invasive routine monitoring of urine 
could provide a simple yet effective means of detecting the 
early onset of complications that will impact QoL and patient 
care. 
 
There are two critical challenges to be addressed: size of the 
sensing structure and selectivity. The production of 
microelectrodes for biomedical applications has long held the 
interest of clinicians through providing the possibility of 
monitoring key disease biomarkers in situ and provide a 
platform for the development of a miniaturized sensor. 
Moreover, the use of carbon fiber in wearable technologies 
has already been demonstrated.  In most cases such systems 
have focused on strain measurements rather than the direct 
analysis of biological species. Untreated carbon fiber, while 
conductive, can however be a relatively poor sensor with no 
inherent selectivity towards analytes and, as such, will 
generally require modification with chemical moieties or 
enzymes. In the case of latter, the analytical signal is typically 
acquired indirectly through the detection of peroxide released 
as a byproduct of the enzyme reaction. Quantification of the 
latter can be difficult and often requires the imposition of large 
overpotentials which can induce the oxidation of other matrix 
components and thereby compromise the analytical accuracy 
of the system. This could be problematic in the case of 
wearable sensors designed to monitor urine. Uric acid is key 
component of the latter and, with a relatively high 
concentration and ease of oxidation, would be expected to be a 
pernicious interference.  
The present investigation reports on the deposition of a 
highly structured palladium layer composed of a nanoneedle 
forest upon commercial carbon fiber and assesses its catalytic 
applicability for the detection of peroxide. The influence of 
uric acid on the fiber response is investigated and the 
strategies to minimise potential interference are critically 
evaluated. 
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II. EXPERIMENTAL DETAILS 
 
Materials and Instrumentation: Chemical reagents were 
obtained from Sigma-Aldrich (Dorset England) and were of 
the highest grade available and used without further 
purification.  Nafion® perfluorinated resin solution was 5% 
w/w in lower aliphatic alcohols and H2O, and hydrogen 
peroxide stock solution (H2O2) 30% w/w in H2O. Carbon fiber 
(tex number 420, filament diameter 0.01 mm, number of 
filaments 3000, grade f180, epoxy sized (1.0%)) was obtained 
from Goodfellow Cambridge Ltd. (Huntingdon, England). 
Electrochemical measurements were conducted using a PG581 
potentiostat using a conventional three electrode 
configuration. Phosphate-buffered saline (PBS) solutions (pH 
7.4) were used throughout unless specified otherwise. 
 
Electrode Fabrication:  Individual carbon fibers were first 
separated from the supplied ribbon and adhered to sections of 
copper tape prior to being sandwiched between two 125 µm 
laminate sheets pre-patterned to yield a window exposing a     
4 mm length of the single carbon fiber. These were sealed by 
way of thermal lamination to form a working electrode. 
Palladium nanocrystals were grown onto the carbon fiber 
surface by way of electrodeposition, based on an adaptation of 
a technique described by Xu et al. (2014) [8]. A potential 
offset of +46 mV was applied (relative to a 3M KCl Ag/AgCl 
reference electrode). Surface modification took place in an 
aqueous solution of 0.1 M HCl containing 1.5 mM 
tetrachloropalladium (Na2PdCl4,), 20 mM NaBr, and 40 mM 
sodium citrate. The first deposition step involved nucleation of 
palladium onto the carbon fiber surface by four repeated 
pulses at a potential of -0.446 V for 50 ms each, followed by a 
growth step in which the potential was held at 0.134 V for 600 
s. Each electrode was rinsed with deionized water and dried 
with nitrogen prior to further modification. 
 
III. RESULTS AND DISCUSSION 
 
Scanning electron micrographs detailing the morphological 
features of the carbon fiber before and after Pd deposition are 
detailed in Figs 1A-1D.  Upon initiating the deposition cycle, 
the unmodified carbon fiber (1A) is quickly transformed to a 
forest of Pd nanostructures (1B). The Pd nucleates at the 
carbon surface before the coalescing to form a continuous 
layer whereupon the nanoneedles develop. The initial 
deposition results in sharp needle like structures but as the 
deposition time is increased (from 900s in 1B to 1800s in 1C) 
the structure become more rounded. The latter is supported in 
the fractured fiber coating shown in Fig 1D where discrete Pd 
rod like projections can be seen and are typically aligned 
perpendicular to the fiber surface.  
 
 
Fig. 1. Scanning electron micrographs of various morphologies of palladium 
deposition on single carbon fibers. 
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Cyclic voltammograms highlighting the influence of the 
nanostructured Pd fiber towards peroxide (0-250 M, pH 7) 
are detailed in Fig 2. There is a dramatic increase in the 
oxidation (Figure 2A) and reduction (Figure 2B) processes at 
the Pd modified electrode compared to the unmodified carbon 
fiber. 
 
 
 
Fig. 2. A) Linear sweep voltammograms detailing the response of a Pd 
nanoneedle carbon fiber electrode towards peroxide (0-250 M, pH 7) and 
compared to the response obtained at an unmodified carbon fiber (Inset). B) 
Linear sweep voltammograms highlighting the response of the fiber electrodes 
to the reduction of peroxide in the presence of oxygen. Scan rate : 50 mV/s 
 
 
The sensitivity data corresponding to each modification are 
detailed in Table 1 and it can be seen that for the oxidation of 
peroxide at +0.8V, the Pd coated C-F increases the sensitivity 
by 4 orders of magnitude over the unmodified carbon fiber. 
There is a wealth of studies on the modification of electrodes 
to confer selective and sensitive responses to peroxide and 
some of these are included in Table 1 for comparison. It is 
clear that the Pd modified system described here is 
competitive with many of those whilst also providing a much 
more facile means of modification [12-14].  
 
          
Table 1. Electrode sensitivity 
towards Peroxide      
Electrode Type Detection 
 
 
Sensitivity 
 
    
Potential 
/ V A mM-1 cm-2 Ref 
            
Unmodified C-F   +0.3 
 
0.06 TW 
Unmodified C-F   +0.8 
 
0.08 TW 
  
     
Pd Modified C-F  +0.3 
 
67.12 TW 
Pd Modified C-F +0.8 
 
312.90 TW 
    
    
Nafion Pd C-F +0.3 
 
8.76 TW 
Nafion Pd C-F +0.8 
 
27.71 TW 
 
PdNPs-MWCNTs/GCE +0.35 
 
0.17 12 
ZnO/Co3O4/NiCo2O4/Ni  +0.55 
 
388.00 13 
Co3O4 NPs   +0.2 
 
72.75 14 
    
    
Pd C-F   -0.2 
 
148.89 TW 
    
    
ER-GNO/IL-SPE -0.2 
 
78.13 15 
rGO/ZnO/GCE -0.38 
 
0.01 16 
Nafion/CAT/rGO/GCE -0.45 
 
7.76 17 
Au-Pd/MoS2/GCE -0.1 
 
184.90 18 
            
Where: TW = This work; ER-GNO= electrochemically reduced 
graphene oxide; rGO = reduced graphene oxide; IL = ionic liquid; SPE 
= screen printed electrode; GCE = glassy carbon electrode; MWCNT 
= multiwall carbon nanotube; C-F = carbon fiber;  CAT = catalase 
  
            
The application of a large anodic potential, while providing a 
high sensitivity, will nevertheless induce the opportunity for 
oxidizing other matrix components. It is common place to 
minimize the operating potential to avoid the interference 
from such compounds (typically uric acid in the case of urine 
samples) but this requires that the electrode surface is still 
responsive to peroxide. The lowest potential where linearity of 
response to peroxide is preserved was found to be +0.3V. It 
can be seen from Table 1 that reducing the potential to +0.3V 
results in a deterioration in the sensitivity but, it must be 
noted, still remains consistent with advances in the recent 
literature. Similarly, the exploitation of the Pd coating for the 
reduction of peroxide (Fig 2B) provides a sensitivity that is 
again superior to many of the more procedurally complex, 
nanoparticle systems [15-18]. 
INTERFERENCE 
 
While it is clear that the highly active Pd nanoneedle 
structures greatly enhance the response to peroxide, the 
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question of interference at +0.3V is still pertinent. The 
imposition of a potential of +0.3V can still be problematic, 
especially in terms of minimizing the interference from uric 
acid. The latter is ubiquitous in biological fluids and can be a 
pernicious interferent as a consequence of its ease of oxidation 
[19-20]. The response of the Pd C-F modified electrode 
towards urate (150 M, pH 7) was initially assessed using 
cyclic voltammetry (Fig 3A). Uric acid was found to undergo 
oxidation at the electrode and it is clear from the 
voltammograms in Fig 3A that the onset of oxidation occurs at 
a potential liable to directly interfere with peroxide. One 
alternative is to exploit the reduction of peroxide rather than 
pursue the oxidation and thus the imposition of a reducing 
potential (-0.2V) would effectively negate the influence of 
urate whilst preserving a sensitive response to peroxide. This 
is confirmed in Table 1 where the reduction sensitively 
remains highly competitive and similar approaches are 
commonplace in sensing designs [15-18].  
 
The oxidation approach however is not totally redundant 
however as coating the Pd nanostructures with Nafion®. The 
latter is a sulfonated tetrafluoroethylene based polymer which 
is regularly used to minimize interference from anionic 
species (such as uric acid) and is regularly used as a 
secondary/top layer modification to sensor system [18]. The 
effect of the Nafion® coating on the response of the Pd C-F 
electrode towards uric acid (150 M, pH 7) is detailed in Fig 
3A. In contrast to the uncoated fiber, the Nafion® layer 
effectively removed the urate response. The presence of the 
polymer does however reduce the sensitivity of the electrode 
towards the oxidation of peroxide as indicated by the summary 
results in Table 1 but having the permselective barrier enables 
the larger +0.8V (hence more sensitive configuration) to be 
applied. 
 
The amperometric response of the Nafion-Pd-C-F electrode to 
peroxide and urate is highlighted in Fig 3B. It is inevitable that 
any subsequent biosensor design for use within a continence 
product/wearable system would employ amperometry rather 
than voltammetric means. It can be seen from Fig 3B that the 
electrode remains sensitive to peroxide (even at +0.3V) with 
no interference from the urate additions.  
 
IV. CONCLUSIONS 
 
There is an extensive literature base on the modification of 
electrode surfaces for the detection of peroxide but the 
translation of the systems to wearable devices/smart textiles 
can be problematic. Complexities in the fabrication processes 
can comprise device viability from both economic and 
practical perspectives. The ability to directly nanostructure a 
highly effective Pd coating onto carbon fiber provides a facile 
approach to sensor design. The response characteristics – 
using either oxidative or reductive detection methodology has 
been shown to be highly competitive in comparison to recent 
nanoparticulate systems. Secondary modification through the 
application of permselective films such as Nafion can further 
enhance the response characteristics.   
 
 
 
 
 
Fig. 3. A)  Cyclic voltammograms detailing the response of the Pd modified 
carbon fiber to uric acid (150 M, pH 7) before and after coating with 
Nafion®. B) Steady state amperometry of the Nafion® coated Pd fiber with 
addition of peroxide (100 L aliquot of 0.03%) and urate (25 L aliquots, 10 
mM) to PBS buffer solution whilst stirring, at an applied potential of 0.300V. 
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